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Abstract
This paper investigates the hybrid precoding design in millimeter-wave (mmWave) systems with a
fully-adaptive-connected precoding structure, where a switch-controlled connection is deployed between
every antenna and every radio frequency (RF) chain. To maximally enhance the energy efficiency
(EE) of hybrid precoding under this structure, the joint optimization of switch-controlled connections
and the hybrid precoders is formulated as a large-scale mixed-integer non-convex problem with high-
dimensional power constraints. To efficiently solve such a challenging problem, we first decouple it into
a continuous hybrid precoding (CHP) subproblem. Then, with the hybrid precoder obtained from the
CHP subproblem, the original problem can be equivalently reformulated as a discrete connection-state
(DCS) problem with only 0-1 integer variables. For the CHP subproblem, we propose an alternating
hybrid precoding (AHP) algorithm. Then, with the hybrid precoder provided by the AHP algorithm,
we develop a matching assisted fully-adaptive hybrid precoding (MA-FAHP) algorithm to solve the
DCS problem. It is theoretically shown that the proposed MA-FAHP algorithm always converges to a
stable solution with the polynomial complexity. Finally, simulation results demonstrate that the superior
performance of the proposed MA-FAHP algorithm in terms of EE and beampattern.
Index Terms
Millimeter wave, massive MIMO, hybrid precoding, energy efficiency
This paper was partially presented at the IEEE ICC 2019 [1].
2I. INTRODUCTION
By utilizing plentiful available spectral resources between 30GHz and 300GHz, millimeter
wave (mmWave) communication has shown its great potentials for providing ultra-high data-
rate transmission as well as massive device connectivity in the upcoming 5G systems [2]–
[4]. However, mmWave links are very sensitive to path loss attenuation and blockage, thereby
naturally being limited in short-range communications [5], [6]. On the other hand, thanks to the
very short wavelength of mmWave signal, large-scale antenna arrays can be embedded into small
devices, thereby naturally forming massive MIMO mmWave systems [7]. Moreover, when proper
precoding design is employed in such systems, both the capacity and reliability of mmWave
transmission can be enhanced significantly [8].
Since large-scale antenna arrays are deployed at massive MIMO mmWave systems, the con-
ventional full-digital precoding architecture, in which each antenna connects to a dedicated
radio frequency (RF) chain, may not be practical due to the excessive power consumption
and unacceptable hardware complexity [9]–[11]. To cope with this problem, hybrid precoding
architecture was introduced into massive MIMO mmWave systems in some recent studies [12]–
[25]. Different from the conventional full-digital precoding architecture, the hybrid precoding
architecture divides the overall precoding process into digital precoding and analog precoding,
where the former uses much less RF chains than the full-digital precoding and the latter is realized
by low-cost phase-shifters. Compared with the conventional full-digital precoder, the hybrid
precoder can achieve similar performance at much less hardware cost and power consumption.
According to the connecting method between the antennas and RF chains, the structure of
hybrid precoding can be classified into the following three types:
• Full-connected structure, in which each RF chain is fixedly connected to all antennas, can
achieve high spectral efficiency (SE) with properly designed precoding schemes. The authors
in [12]–[15] investigated the hybrid precoding in single-user massive MIMO mmWave
systems. By exploting the sparse characteristics of mmWave channel, a low-complexity
orthogonal matching persuit (OMP) algorithm was proposed in [12]. Further, it was demon-
strated in [13]–[15] that the hybrid precoder can achieve similar SE performance to the
optimal full-digital precoder. When multiple users are simultaneously served in massive
MIMO mmWave systems, several multiuser full-connected hybrid precoding schemes were
proposed in [16]–[18] to maximize the overall SE of all users.
3• Sub-connected structure, in which each RF chain is fixedly connected to a certain portion
of antennas, can consume less power than the full-connected structure at the expense of
some spectral efficiency loss. The works in [13], [19]–[21] investigated the optimal hybrid
precoding design targeting at SE maximization and evaluated the SE gap between sub-
connected and full-connected structures.
• Adaptive-connected structure, which employs the dynamically changing connections be-
tween RF chains and antennas, owns better flexibility for realizing hybrid precoding than
the full-connected and sub-connected structures. Considering that the RF chains and the
antennas are partitioned into a same number of groups, authors in [22]–[24] designed hybrid
precoders with the partially-adaptive-connected structure, where each group of RF chains
is dynamically connected with a certain group of antennas. It was shown in [22]–[24]
that the partially-adaptive-connected structure achieves a good tradeoff between SE and
power consumption. On the other hand, the work in [25] proposed to implement the hybrid
precoder with a fully-adaptive-connected structure, where the switch-controlled connections
are deployed between the RF chains and the antennas. Since the on-off states of switch-
controlled connections can be modified separately, the fully-adaptive-connected structure
can smoothly switch among the full-connected structure and all possible sub-connected
structures.
All aforementioned existing papers on hybrid precoding only investigate the SE maximization.
However, in wireless communication systems, energy efficiency (EE), besides SE, is another
important performance metric, especially in green communications for 5G/beyond [26]. Although
some existing studies have proposed several hybrid precoding strategies to improve EE of massive
MIMO mmWave systems [27]–[29], all of them are limited in the full/sub-connected structures
with fixed connections. Since the adaptive-connected hybrid precoding owns flexible hardware
structure, it could be more likely to achieve higher EE if RF chain-antenna connections and
hybrid precoder are optimized jointly. However, the research on such a joint optimization for
EE maximization of massive MIMO mmWave systems is still limited, which motivates us to
investigate this issue.
In this paper, we focus on the joint optimization of RF chain-antenna connections and hybrid
precoder under a fully-adaptive-connected structure, in order to maximally improve the EE of
massive MIMO mmWave systems. The main contributions are summarized as follows.
4• To maximize the EE of hybrid precoding with a fully-adaptive-connected structure, the
joint optimization of switch-controlled connections and hybrid precoder is formulated as a
large-scale high-dimensional mixed-integer non-convex problem. To efficiently solve such
a challenging problem, we first decouple the original problem by assuming given switch-
controlled connections and thereby obtain a continuous hybrid precoding (CHP) subproblem.
Then, by regarding the optimal solution of CHP subproblem as a function of the given switch
controlled connections, the original problem can be equivalently reformulated as a discrete
connection-state (DCS) problem with only 0-1 integer variables.
• For the CHP subproblem, we develop an alternating hybrid precoding (AHP) algorithm to
optimize the hybrid precoder under given switch-controlled connections. Then, based on the
AHP algorithm, a matching assisted fully-adaptive hybrid precoding (MA-FAHP) algorithm
is proposed to efficiently solve the DCS problem.
• The convergence and complexity of the proposed MA-FAHP algorithm are theoretically
analyzed for the proposed MA-FAHP algorithm. It is shown that the proposed MA-FAHP
algorithm always converges to a stable solution with polynomial complexity. Simulation re-
sults demonstrate that the proposed MA-FAHP algorithm can achieve superior performance
in terms of EE and beampattern.
The rest of this paper is organized as follows. Section II describes the system model and
the power consumption of the considered system. Section III formulates the joint optimization
problem of hybrid precoders and switch-controlled connections and equivalently reformulates
this problem to a DCS problem. Section IV proposes the MA-FAHP algorithm to solve the
DCS problem. Section V theoretically analyzes the the convergence and complexity of proposed
MA-FAHP algorithm. The simulation results are provided in Section VI, followed by Section
VII that concludes this paper.
Notations: Lowercase and uppercase boldface letters denote vectors and matrices, respectively;
(·)T , (·)H , Tr(·), vec(·), and E[·] symbolize the transpose, conjugate transpose, trace, vectorization
and expectation operations, respectively; ||a||2 denotes the 2-norm of vector a; ||A||F denote the
Frobenius norm of matrix A; ⊗ and ◦ denote the Kronecker product and Hadamard product,
respectively; Im represents the m×m identity matrix; {a}+ symbolizes operation max{0, a}.
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Fig. 1. The proposed fully-adaptive-connected precoding structure.
II. SYSTEM MODEL
This section first describes the system model for the fully-adaptive-connected hybrid precoding
structure and then analyzes the power consumption of this structure.
A. System Description
As shown in Fig. 1, a source equipped with MT transmit antennas and N
RF
T RF chains,
intends to send a number Ls of data streams to a user equipped with MR receive antennas.
The hybrid precoding at the source is realized by a fully-adaptive-connected structure, where
a switch-controlled connection is deployed between every RF chain and every antenna. It is
worth to point out that, by modifying the on-off states of switch-controlled connections, this
fully-adaptive-connected structure can realize a full-connected structure or any possible sub-
connected structure. More precisely, if all connections switch to “on” state, it will work as a
full-connected structure, otherwise, if some connections switch to “off” state, it will work as a
certain sub-connected structure.
In each transmission, the data streams are precoded in this fully-adaptive-connected structure,
where the states of switch controlled connections are denoted by a 0-1 connection-state matrix
D. More precisely, defining the set of antennas as SA , {1, · · · ,MT} and the set of RF chains
6as SRF , {1, · · · , NRFT }, we denote D(i, j) = 1 or 0 (i ∈ SA and j ∈ SRF ) to represent that
the switch-controlled connection between the ith antenna and the jth RF chain is switched to
“on” state or “off” state, respectively. Further, denoting the digital precoder as W ∈ CNRFT ×Ls
and the analog precoder as F ∈ CMT×NRFT , the transmit signal at the source can be expressed as
x = (F ◦D)Ws, (1)
where s ∈ CLs×1 is the transmitted symbol with satisfying E[ssH ] = 1
Ls
ILs . Considering that the
channel matrix between the source and the user is H ∈ CMR×MT , the received signal at the user
can be expressed as
y = Hx+ n = H(F ◦D)Ws+ n, (2)
where n ∈ CMR×1 represents the vector of zero-mean additive white Gaussian noise (AWGN)
at the user. Without loss of generality, we assume the AWGN at each receive antenna has the
same variance σ2, i.e., n ∼ CN (0, σ2I). Therefore, based on the received signal shown in (2),
the achievable spectral efficiency can be expressed as
R(W,F,D) = (3)
log2
[
det
(
I+
H(F ◦D)WWH(F ◦D)HHH
Lsσ2
)]
.
B. Power Consumption
For the hybrid precoding with the fully-adaptive-connected structure, the overall power con-
sumption includes both the transmit power consumption and circuit power consumption. Ac-
cording to the transmit signal shown in (1), the transmit power consumption can be obtained
as
Pt(W,F,D) = E(||x||22) =
1
Ls
||(F ◦D)W||2F. (4)
On the other hand, the circuit power is consumed by four types of components: a) the working
RF chains, b) the working phase shifters, c) the switches, d) the other circuit components whose
power consumption does not change with hybrid precoding structure, including baseband proces-
sor, mixer, filter, etc. Without loss of generality, we assume that the circuit power consumption of
the fourth-type components is fixed to Po. Then, the circuit power consumption of the working
RF chains, the working phase shifters and the switches can be analyzed as follows.
7Circuit power consumption of working RF chains: In the considered fully-adaptive-connected
structure, the jth RF chain is working only when it is connected to at least one antenna, i.e.,
maxi=1,...,MT{D(i, j)} = 1 holds. Thus, the number of working RF chains is given by
NRFwork =
NRF
T∑
j=1
[
max
i=1,...,MT
D(i, j)
]
. (5)
Assuming each working RF chain consumes the same circuit power PRF, the power consumption
of all working RF chains is obtained as NRFworkPRF =
(∑NRF
T
j=1 maxi=1,...,MT{D(i, j)}
)
PRF.
Circuit power consumption of working phase shifter: For the switch-controlled connection
between the ith antenna and the jth RF chain, its phase shifter is working only when D(i, j) = 1
holds. Therefore, the number of working phase shifters NPSwork is equal to the number of “1”
elements in matrix D, indicating
NPSwork =
NRF
T∑
j=1
MT∑
i=1
D(i, j) = ||D||2F. (6)
Assuming that each working phase shifter consumes the same power PPS, the power consumption
of working phase shifters is NPSworkPPS = ‖D‖2F · PPS.
Circuit power consumption of switches: Since the source employs MT antennas and N
RF
T RF
chains, the total number of switch-controlled connections is MTN
RF
T . Assuming that the power
consumed by controlling every switch is PSW, the total power consumption of controlling all
these switches is MTN
RF
T PSW.
By summarizing the above results, the total circuit power consumption can be obtained as
Pc(D) =

NRFT∑
j=1
max
i=1,...,MT
{D(i, j)}

PRF + ||D||2FPPS +MTNRFT PSW + Po. (7)
Finally, combining (4) and (7), the overall power consumption of the source is derived as
P (W,F,D) =
||(F ◦D)W||2F
Ls
+

NRFT∑
j=1
max
i=1,...,MT
{D(i, j)}

PRF (8)
+ ||D||2FPPS +MTNRFT PSW + Po.
8III. PROBLEM FORMULATION
This section first formulates the joint optimization problem of hybrid precoders and switch-
controlled connections, aiming at the maximization of EE. Then, we show that the original joint
optimization problem can be equivalently reformulated as a DCS problem with only 0-1 integer
variables.
A. Problem Formulation for EE Maximization
According to (3) and (8), the EE of considered system can be expressed as [30]
EE(W,F,D) ,
R(W,F,D)
P (W,F,D)
. (9)
In that case, the joint optimization problem of hybrid precoders and switch-controlled connections
can be formulated as
max
W,F,D
EE(W,F,D), (10a)
s.t. ||(F ◦D)W||2F ≤ Pmax, (10b)
D(i, j) ∈ {0, 1}, ∀i ∈ SA, ∀j ∈ SRF , (10c)
|F(i, j)| =


1√
MT
, if D(i, j) = 1,
0, if D(i, j) = 0,
∀i ∈ SA, ∀j ∈ SRF , (10d)
NRF
T∑
j=1
D(i, j) ≤ pi, ∀i ∈ SA, (10e)
MT∑
i=1
D(i, j) ≤ qj , ∀j ∈ SRF , (10f)
where constraints (10b)∼(10f) are explained as follows: (10b) is the transmit power constraint
with Pmax being the maximal transmit power; (10c) is the 0-1 constraint of the “on-off” state
of each switch-controlled connection; (10d) represents the constant-modulus constraints for
working elements of the analog precoder; (10e) and (10f) represent the practical implementation
complexity constraints. In specific, (10e) means that the ith antenna can be connected with up to
9pi(≤ NRFT ) RF chains, while (10f) means that the jth RF chain can be connected with qj(≤ MT)
antennas at most.
B. Problem Reformulation
From problem (10), we have the following observations: 1) The three variables {W,F,D} are
coupled in both fractional objective function (10a) and power constraint (10b); 2) The analog pre-
coder should satisfy the non-convex constant-modulus constraints (10d); 3) The hybrid precoding
W and F are continuous, while D is discrete variable with satisfying the constraints (10c), (10e)
and (10f).Therefore, problem (10) is a large-scale high-dimensional mixed-integer non-convex
problem with both continuous and discrete variables, thereby it is extremely challenging to
efficiently solve such a problem. To facilitate the mathematical tractability, we will equivalently
reformulate problem (10) by the following procedure.
When connection-state matrixD is given, problem (10) can be decoupled as a CHP subproblem
with respect to only continuous variables W and F, which is given by
max
W,F
EE(W,F)
s.t. (10b), (10d). (11)
Here, the CHP subproblem is a non-convex problem with the constant-modulus constraints
and coupled variables. Note that, as a connection-state matrix D is assumed to be known in
CHP subproblem, the hybrid precoders obtained from CHP subproblem (11) can be viewed as
functions of connection-state matrix, denoted as {W⋆(D),F⋆(D)}. Thus, if we can efficiently
solve CHP problem and apply its solution {W⋆(D),F⋆(D)} into (10), the original problem can
be equivalently reformulated into a discrete connection-state (DCS) problem shown as follows
max
D
EE
(
W⋆(D),F⋆(D),D
)
s.t. (10b), (10c), (10e), (10f). (12)
Here, the DCS problem becomes a combinatorial optimization problem with a finite feasible
region.
Inspired by the above procedure, the original problem (10) can be solved with a two-step
manner: 1) With a given connection-state matrix D, we derive the corresponding hybrid precoder
by solving CHP subproblem (11); 2) By treating the hybrid precoder obtained from CHP
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subproblem (11) as a function of D, the connection-state matrix and the hybrid precoder can be
jointly determined by solving DCS problem (12).
IV. JOINT OPTIMIZATION OF HYBRID PRECODING AND SWITCH-CONTROLLED
CONNECTIONS
In this section, we first propose an AHP algorithm to solve CHP subproblem with a given
connection matrix D. Then, using the AHP algorithm to determine the utility of matching
between the RF chains and antennas, an MA-FAHP algorithm is developed to solve the DCS
problem.
A. AHP Algorithm for solving the CHP Subproblem
Recall that CHP subproblem (11) is a non-convex problem with the constant-modulus and
coupled variables. Thus, it is still challenging to solve this problem directly. On the other hand,
as pointed out by [12], [29], the hybrid precoders can be optimized by minimizing Euclidean
distances between itself and the optimal full-digital precoder.
Targeting at the EE maximization, the full-digital precoding problem can be formulated as
max
WFD
log2
[
det
(
I+
HWFDW
H
FD
H
H
Lsσ2
)]
||WFD||2F/Ls + Pc(D)
s.t. ||WFD||2F ≤ Pmax. (13)
For the above precoding problem, the optimal full-digital precoder, denoted as W
opt
FD, can be
efficiently obtained by using Dinkelbach’s transform based two-layer algorithm [31]. Then, with
the optimal full-digital precoder, the optimal hybrid precoders can be obtained by minimizing
the Euclidean distance between the optimal full-digital and hybrid precoders, leading to the
following problem
min
W,F
||WoptFD − (F ◦D)W||2F,
s.t. (10b), (10d). (14)
However, due to coupled constraint (10b) and non-convex constraint (10d), it is still challenging
to jointly optimize variables F andW in problem (14). On the other hand, by removing coupled
11
constraint (10b), it yields a relaxed problem given by
min
W,F
||WoptFD − (F ◦D)W||2F, s.t. (10d). (15)
For this relaxed problem, we have the following lemma to demonstrate its relation to problem
(14).
Lemma 1: All KKT solutions of the relaxed problem (15) satisfy the power constraint (10b).
Proof: Following the proof of [15, Theorem 1], this lemma is obtained.
As known from Lemma 1, the power constraints in problem (14) can be removed, yielding
a simplified problem as shown in (15). In the following, we will propose an AHP algorithm to
solve problem (15).
The idea of the proposed AHP algorithm is to repeat the following two steps until convergence:
First, under a given digital precoder, the analog precoder can be optimized by using the existing
numerical algorithms, such as the L-BFGS algorithm [32]; Second, with the derived analog
precoder, the closed-form optimal digital precoder can be obtained and used as the given digital
precoder for the next round. The detailed rationale of each step is described as follows.
First step: When the digital precoder is given, problem (15) can be viewed as an analog
precoding problem given by
min
F
||WoptFD − (F ◦D)W||2F, s.t. (10d). (16)
Then, using the property of the Kronecker Product that (BT ⊗A)vec(X) = vec(AXB), analog
precoding problem (16) can be reformulated as a vector form given by
min
f
||woptFD −AFa(f ◦ d)||22, (17a)
s.t. |f(i)| =

 1/
√
MT, if d(i) = 1,
0, if d(i) = 0,
(17b)
where w
opt
FD , vec(W
opt
FD), f , vec(F), d , vec(D), and AFa = W
T ⊗ IMT . As seen from
constraint (17b), |f(i)| = 0 holds for d(i) = 0, meaning that f(i) is a zero element of vectorized
analog precoder f when d(i) = 0 holds. Therefore, by removing all zero elements in vectorized
analog precoder f , vector-form analog precoding problem (17) can be further expressed as
min
fv
||woptFD −Afvfv||22, (18a)
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s.t. |fv(i)| = 1√
MT
, for i = 1, · · · , nv, (18b)
where nv is the number of non-zero elements in d, vector fv ∈ Cnv×1 is obtained by removing
all zero elements in vectorized analog precoder f , and matrix Afv ∈ CMTLs×nv is obtained by
removing the k˜th column of the matrix AFa for all k˜ ∈ K , {j|d(j) = 0, j ∈ {1, ...,MTNRFT }}.
Apparently, the non-zero elements of vectorized analog precoder can be obtained by solving
problem (18). However, due to the presence of the non-convex constant-modulus constraints
(18b), it is still difficult to solve problem (18) directly. To deal with these constraints, let us
introduce a new variable Φv with satisfying fv =
1√
MT
ejΦv . Then, upon replacing fv by
1√
MT
ejΦv ,
problem (18) can be rewritten as
min
Φv
||woptFD −
1√
MT
Afve
jΦv ||22. (19)
Since the number of the antennas is very large in massive MIMO mmWave systems, problem (19)
is a large-scale unconstrained non-convex problem, which can be efficiently solved by existing
numerical algorithms, such as the L-BFGS algorithm [32].
According to the indices of zero element in d, the vectorized analog precoder can be obtained
by inserting zero elements into the derived solution to problem (19). Finally, the solution to (16)
can be obtained by rewriting the vectorized analog precoder into a matrix form.
Second step: With the analog precoder derived from the first step, the digital precoding
problem can be written as
min
W
||WoptFD − (F ◦D)W||2F. (20)
Since the above digital precoding problem is an unconstrained convex problem, its optimal
solution can be readily obtained as
W = [(F ◦D)H(F ◦D)]−1(F ◦D)HWoptFD. (21)
Overall, alternatingly solving problem (19) by using existing numerical algorithms and problem
(20) by using the closed-form optimal solution in (21), the solution of hybrid precoding problem
(15) can be obtained when the solutions to both problems (19) and (21) converge. The proposed
AHP algorithm is summarized in Algorithm 1, where ǫin is the accuracy parameter for controlling
the accuracy of AHP algorithm.
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Algorithm 1 The Proposed AHP Algorithm
1: Initialize: For a given connection-state matrix D, optimize full-digital precoder W
opt
FD by
solving (13) using Dinkelbach’s transform based two-layer algorithm [31]. Then, randomly
initialize analog precoder F with satisfying constraint (10d);
2: while |Objn
w
− Objn
f
| ≥ ǫin do
3: With the given analog precoder, updateWn according to (21), and calculate the objective
function of (15) as Objn
w
;
4: With the given digital precoder, update Fn according to (16)-(19), and solve problem
(19) by applying existing numerical algorithms, such as L-BFGS algorithm [32]. Then,
calculate the objective function of (15) as Objn
f
;
5: end while
6: return W and F.
B. Proposed MA-FAHP algorithm
When hybrid precoders are offered by the AHP algorithm, the computational complexity of
using the exhaustive search to solve DCS problem (12) is O(2MTNRFT ). However, as the number
of antennas MT is sufficiently large due to the deployment of massive MIMO, such exponential
complexity is unacceptably high for practical massive MIMO mmWave systems. On the other
hand, DCS problem (12) can be viewed as a many-to-many matching problem between RF chains
and antennas, which can be efficiently solved by using Matching Theory [33], [34].
According to Matching Theory [33], [34], a many-to-many matching between RF chains and
antennas can be defined as follows.
Definition 1 (Many-to-Many Matching): A many-to-many matching between RF chains and
antennas, denoted as Ψ, represents a mapping from the set of SRF ∪ SA ∪ {0} to the set of all
subsets of SRF ∪ SA ∪ {0}, with satisfying the following conditions: 1) Ψ(i) ⊆ SRF , ∀i ∈ SA,
2) Ψ(j) ⊆ SA, ∀j ∈ SRF , 3) |Ψ(i)| ≤ pi, ∀i ∈ SA, 4) |Ψ(j)| ≤ qj , ∀j ∈ SRF , and 5) j ∈ Ψ(i)⇔
i ∈ Ψ(j), ∀i ∈ SA, j ∈ SRF .
Here, condition 1) means that each antenna is matched with a certain portion of RF chains,
condition 2) means that each RF chain is matched with a certain portion of antennas, condition
3) limits the size of Ψ(i) no larger than pi, accounting for (10e), condition 4) limits the size of
Ψ(j) no larger than and qj , accounting for constraint (10f), and condition 5) means that when
the ith antenna is matched with the jth RF chain, the jth RF chain is also matched to the ith
antenna.
Based on Definition 1, solving DCS problem (12) can be equivalently viewed as seeking for
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the best many-to-many matching that maximizes the utility function defined as
U(Ψ) , EE
[
D(Ψ),W⋆
(
D(Ψ)
)
,F⋆
(
D(Ψ)
)]
, (22)
where D(Ψ) represents the connection-state matrix corresponds to Ψ. Note that hybrid precoder{
W⋆
(
D(Ψ)
)
,F⋆
(
D(Ψ)
)}
in (22) can be obtained from the AHP algorithm.
According to Matching Theory [33], [34], finding out the best many-to-many matching requires
that all RF chains and all antennas maintain a number of preference utilities. More precisely,
assuming that the current matching is Ψ, the preference utilities of the ith antenna can be defined
as
PUi,Λ , U (Ψi,Λ) , ∀Λ ⊂ SRF , |Λ| ≤ pi, (23)
where Ψi,Λ represents a new matching where the ith antenna is matched to a portion of RF
chains Λ with cardinality no more than pi, while the matching conditions of antennas other than
the ith antenna remains the same with current matching Ψ. Likewise, the preference utility of
the jth RF chain can be defined as
PUj,Ω , U (Ψj,Ω) , ∀Ω ⊂ SA, |Ω| ≤ qj , (24)
where Ψj,Ω represents a new matching that the jth RF chain is matched to a portion of antennas
Ω with cardinality no more than qj , while the matching conditions of RF chains other than the
jth RF chains remains the same with current matching Ψ.
Remark 1: The matching problem between antennas and RF chains belongs to many-to-many
matching with externalities, where the preference utilities of each antenna/RF chain not only
depend on the RF chains/antennas that it is matched with, but also depend on the matching
conditions of the other antennas/RF chains.
As known from Remark 1, due to the externalities feature, the preference utilities of each
antenna/RF chain are dynamically changing subject to current matching condition, implying that
the conventional matching algorithms with fixed preference utilities may not be proper for the
considered matching problem.
Based on the intrinsic characteristics of the many-to-many matching with externalities, we
propose a novel matching assisted fully-adaptive hybrid precoding (MA-FAHP) algorithm to
solve problem (12). In prior to demonstrating the proposed MA-FAHP algorithm, we first provide
some basic concepts of proposed MA-FAHP algorithm as follows.
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Definition 2: (Swap Operation and Swap Matching) Consider that [i, j] and [i′, j′] are two
matched antenna-RF chain pairs in matching Ψ with satisfying i 6= i′, j ∈ Ψ(i)∩{SRF \Ψ(i′)},
j′ ∈ Ψ(i′) ∩ {SRF \ Ψ(i)}. The swap operation over ([i, j], [i′, j′]) means that the ith and i′th
antennas will exchange their currently matched the jth and j′th RF chains whilst keeping the
other matching conditions same as the current matching Ψ. After the swapping operation over
([i, j], [i′, j′]), we have a new matching expressed as
Ψswap([i,j],[i′,j′]) ,
{
Ψ\{[i, j], [i′, j′]}} ∪ {[i, j′], [i′, j]}, (25)
called swap matching over ([i, j], [i′, j′]).
Definition 3: (Joining-In Operation and Joining-In Matching) Consider that the ith antenna
is not matched with the jth RF chain in matching Ψ, i.e., j /∈ Ψ(i). The joining-in operation
over [i, j] means that the ith antenna will be matched with the jth RF chain while keeping
other matching conditions same as matching Ψ. After the joining-in operation, we have a new
matching expressed as
Ψjoin[i,j] , Ψ ∪ {[i, j]}, (26)
called joining-in matching over [i, j].
Definition 4: (Leaving Operation and Leaving Matching) Consider that the ith antenna is
matched with the jth RF chain in matching Ψ, i.e., j ∈ Ψ(i). The leaving operation over [i, j]
means that the ith antenna will not be matched with the jth RF chain while keeping other
matching conditions same as matching Ψ. After the leaving operation, we have a new matching
expressed as
Ψleave[i,j] , Ψ ∪ {[i, j]}, (27)
called leaving matching over [i, j].
Definition 5: [Operation Preference Utility (OPU)] Consider that the current matching be-
tween antennas and RF chains is Ψ. The OPU of swap operation over ([i, j], [i′, j′]) is defined
as
OPUswap([i,j],[i′,j′]) ,
{
U
(
Ψswap([i,j],[i′,j′])
)
− U(Ψ)
}+
, (28)
for i 6= i′, j ∈ Ψ(i) ∩ {SRF \ Ψ(i′)} and j′ ∈ Ψ(i′) ∩ {SRF \ Ψ(i)}. The OPU of joining-in
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operation over [i, j] is defined as
OPUjoin[i,j] =
{
U(Ψjoin[i,j])− U(Ψ)
}+
, for j /∈ Ψ(i). (29)
The OPU of leaving operation over [i, j](j ∈ Ψ(i)) is defined as
OPUleave[i,j] =
{
U(Ψleave[i,j] )− U(Ψ)
}+
, for j ∈ Ψ(i). (30)
Remark 2: As known from (22), the utility function is related to the solution of CHP problem
(11), which can be obtained from the proposed AHP algorithm. Thus, computing the OPUs
defined above needs to use the proposed AHP algorithm with connection-state matrices that
corresponds to swap/joining-in/leaving matching and the current matching Ψ.
With above Definitions 2∼5, the proposed MA-FAHP algorithm is summarized in Algorithm
2. The main idea of the proposed MA-FAHP algorithm is demonstrated as follows. In each
“while” loop, by computing the OPUs defined in (28), (29) and (30), the best swap operation,
the best joining-in operation and the best leaving operation are sequentially found out and then
executed for every antenna. As a result, the many-to-many matching is optimized in each “while”
loop in order to achieve a higher utility value than the previous one. Finally, a stable matching
that can not be further improved by any swap/joining-in/leaving operation will be achieved after
several “while” loops, which will be theoretically proved in Section V.
V. CONVERGENCE AND COMPLEXITY
This section theoretically analyzes the convergence and complexity of the proposed MA-FAHP
algorithm.
A. Convergence
Proposition 1: The proposed MA-FAHP algorithm converges to a stable matching.
Proof: Recall that when the OPU of the best swap/joining-in/leaving operation is a positive
constant, the corresponding operation will be executed in each “while” loop. Therefore, the
utility of matching keeps monotonically increasing loop by loop. On the other hand, recall that
the ith antenna can be matched with up to a number pi of RF chains, while the jth RF chain can
be matched with up to a number qj of antennas. Thus, the sample space of matchings is finite,
indicating that the utility values of all possible conditions of many-to-many matching are upper
bounded. From the non-decreasing monotonicity and upper boundedness demonstrated above, it
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Algorithm 2 The Proposed MA-FAHP Algorithm
1: Initialization: Initialize the many-to-many matching Ψ based on a randomly generated
connection-state matrix D; Let the stability indicator be δstab = 0;
2: while (δstab = 0) do
3: Ψpre ← Ψ;
4: for i = 1 to MT do
5: According to (28), compute the OPUs of all possible swap operations involving the ith
antenna by using the AHP algorithm. Find out the best swap operation that achieves
the highest OPU by
([i, j], [i′, j′])⋆ = arg max
i′ 6=i,i′∈SA
j∈Ψ(i)∩{SRF \Ψ(i′)},
j′∈Ψ(i′)∩{SRF \Ψ(i)}
OPUswap([i,j],[i′,j′]) (31)
If OPUswap([i,j],[i′,j′])⋆ > 0, execute the swap operation over ([i, j], [i
′, j′])⋆ and update Ψ←
Ψswap([i,j],[i′,j′])⋆;
6: According to (29), compute OPUs of all possible joining-in operations involving the
ith antenna by using the AHP algorithm. Find out the best joining-in operation that
achieves the highest OPU by
[i, j]⋆ = arg max
j /∈Ψ(i)
OPUjoin[i,j] (32)
If OPUjoin[i,j]⋆ > 0, execute the joining-in operation over [i, j]
⋆ and update Ψ← Ψjoin[i,j]⋆;
7: According to (30), compute OPUs of all possible leaving operations involving the ith
antenna by using the AHP algorithm . Find out the best leaving operation that achieves
the highest OPU by
[i, j]⋆ = arg max
j∈Ψ(i)
OPUleave[i,j] (33)
If OPUleave[i,j]⋆ > 0, execute the leaving operation over [i, j]
⋆ and update Ψ← Ψleave[i,j]⋆;
8: end for
9: if (Ψ == Ψpre) then
10: δstab ← 1;
11: end if
12: end while
13: return Generate connection-state matrix D according to Ψ; Then, apply the generated D
into AHP algorithm to obtain the hybrid precoders {W⋆(D),F⋆(D)}.
can be concluded that the utility value monotonically increases and eventually converges to a
stable matching, whose utilities of the best swap operation, the best joining-in operation and the
best leaving operation for all antennas are all equal to zero. This completes the proof.
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B. Complexity
Since L-BFGS algorithm can efficiently solve the unconstrained large-scale non-convex prob-
lem, the proposed AHP algorithm is expected to efficiently solve CHP problem (12) with
reasonable complexity. Therefore, in the following, we do not consider the complexity of using
AHP algorithm to determine hybrid analog/digital precoders.
In each “while” loop of proposed MA-FAHP algorithm, the computational complexity mainly
comes from finding out the best swap operation, the best joining-in operation and the best
leaving operation. As seen from (31), the complexity for the ith antenna to find out the best
swap operation can be expressed as
∑
i′ 6=i
|Ψ(i) ∩ {SRF \Ψ(i′)}| × |Ψ(i′) ∩ {SRF \Ψ(i)}|
(i)
≤
∑
i′ 6=i
|Ψ(i)| × |Ψ(i′)|
(ii)
≤
∑
i′ 6=i
pipi′, (34)
where step (i) uses the fact that |Ψ(i) ∩ {SRF \Ψ(i′)}| ≤ |Ψ(i)| and |Ψ(i′) ∩ {SRF \ Ψ(i)}| ≤
|Ψ(i′)|, and step (ii) comes from |Ψ(i)| ≤ pi and |Ψ(i′)| ≤ pi′ . Further, it can be observed from
(32) that the complexity of finding out the best joining-in operation for the ith antenna is |Ψ(i)|.
Likewise, the complexity incurred by finding out the best leaving operation for the ith antenna is
NRFT − |Ψ(i)|, as observed from (33). Recall that in each “while” loop of MA-FAHP algorithm,
the best swap operation, the best joining-in operation and the best leaving operation should be
found out for every antenna. Therefore, the computational complexity of each “while” loop is
upper bounded by
MT∑
i=1
[∑
i′ 6=i
pipi′ + |Ψ(i)|+
(
NRFT − |Ψ(i)|
)]
=
(
MT∑
i=1
∑
i′ 6=i
pipi′
)
+MTN
RF
T
(iii)
= O [M2T(NRFT )2] (35)
where step (iii) uses the fact pi ≤ NRFT holds for i = 1, ...,MT. Supposing that the MA-FAHP
algorithm reaches a stable matching after ∆ “while” loops, the overall computational complexity
required by the MA-FAHP algorithm is up to O [∆M2T(NRFT )2], which is much less than the
exponential complexity O(2MTNRFT ) incurred by the exhaustive search.
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VI. NUMERICAL SIMULATION
This section presents numerical results to demonstrate the performance of proposed hybrid
precoding with a fully-adaptive-connected structure. In our simulation, the power consumptions
of each working RF chain, each working phase shifter, each switch and other circuit components
are set to PRF = 0.3W, PPS = 0.05W, PSW = 0.01W, and Po = 0.5W, respectively. Without
loss of generality, the channel between the source and the user experiences normalized Rayleigh
fading with unit variance, and the noise power is set to σ2 = 1W. Moreover, the accuracy
parameter of AHP algorithm is set to ǫin = 10
−4. The simulation results are averaged from 1000
independently random channel realizations.
In our simulation, the fully-adaptive-connected precoding using MA-FAHP algorithm, termed
as proposed precoding strategy hereafter, is compared with four existing precoding strategies
listed as follows
• Strategy-1: full-digital precoding that uses the Dinkelbach’s transform based two-layer
algorithm for EE maximization [31];
• Strategy-2: full-connected precoding that uses the energy efficient hybrid precoding (EEHP)
algorithm for EE maximization [29];
• Strategy-3: sub-connected precoding that uses the semidefinite relaxation-alternating mini-
mization (SDR-AltMin) algorithm [13] to solve problem (14) under a given connection-state
matrix1.
• Strategy-4: fully-adaptive-connected precoding that uses the phase shifter selection scheme
[25] for SE maximization2.
Fig. 2 depicts the EE of proposed precoding strategy and Strategies-1∼4 versus the maximal
transmit power Pmax. As seen from this figure, the proposed precoding strategy achieves higher
EE than Strategies-1∼4. The reason for this observation can be explained as follows. First, as
the full-digital precoding and full-connected hybrid precoding structures employ much more
RF chains and phase shifters than the fully-adaptive-connected structure, Strategies-1∼2 incur
much higher circuit power consumption than the proposed precoding strategy. Second, since
each switch consumes much less than each phase shifter, the proposed precoding strategy
1Following the setup in [13], the connection-state matrix is set to represent the case that all antennas are equally partitioned
into NRFT groups and the jth RF chain is connected to the jth antenna group, where j = 1, ..., N
RF
T .
2Although Strategy-4 targets at the SE maximization, we still compare our proposed hybrid precoding strategy with Strategy-4,
as the both employs a fully-adaptive-connected structure.
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Fig. 2. The EE comparison among the proposed precoding strategy and Strategies 1∼4 versus the maximal transmit power
Pmax, where MT = MR = 64, N
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T = 4, and Ls = 1.
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Fig. 3. The EE comparison among the proposed precoding strategy and Strategies 1∼4 versus the number of RF chains NRFT ,
where MT = MR = 64, Pmax = 10 dBW, and Ls = 1.
also consumes less circuit power than Strategy-3 that employs the sub-connected structure.
Moreover, since the phase shifter selection scheme used in Strategy-4 aims at maximizing the
SE without considering the power consumption, Strategy-4 also achieves lower EE than the
proposed precoding strategy.
Fig. 3 demonstrates the EE of proposed precoding strategy and Strategies-1∼4 versus the
number of RF chains NRFT . It can be seen that the proposed precoding strategy outperforms
all other precoding schemes in terms of EE. Further, it can also be seen that, as the number
of RF chain increases, the EE gap between the proposed precoding strategy and Strategy-3
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Fig. 4. The EE comparison among the proposed precoding strategy and Strategies 1∼4 versus the number of antennas MT,
where NRFT = 4, Pmax = 10 dBW, and Ls = 2.
becomes smaller. This is because when NRFT is sufficiently large, the power consumption in (8)
is dominated by the RF chains, indicating that the fully-adaptive-connected structure and the
sub-connected structure consumes similar circuit power.
Fig. 4 demonstrates the EEs of proposed precoding strategy and Strategies-1∼4 versus the
number of antennas MT. As observed from this figure, the proposed precoding strategy outper-
forms Strategies-1∼4 in terms of EE. Moreover, when the number of antennas further increases,
the proposed precoding strategy achieves increasing EE, whereas Strategies-1∼2 and Strategy-4
achieve decreasing EE, and Strategy-3 achieves fluctuating EE. This observation indicates that the
fully-adaptive-connected structure is more suitable for massive MIMO systems which employs
a large number of antennas.
Figs. 5 and 6 show the beampatterns of the proposed precoding strategy and Strategy-1 in
Cartesian and polar coordinates, respectively, where the desired angle of departure (AoD) is
50◦. Here, the reason for only Strategy-1 being used for the comparison is that Strategy-1 is
expected to provide the best beampattern among Strategies-1∼4 due to its full-digital precoding
structure. It can be seen that both the proposed precoding strategy and Strategy-1 generate
beams with direction at 50◦, which complies with the desired AoD. Further, as shown in Fig. 5,
the proposed precoding strategy has around 15 dB higher sidelobe than Strategy-1. The reason
for this observation is that the hybrid precoding structure employed in the proposed precoding
strategy, has more sidelobe energy leakage than the full-digital structure employed in Strategy-1.
Nevertheless, the main lobe of the proposed precoding strategy achieves around 15 dB gain over
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Fig. 5. The beampatterns in the cartesian coordinate system for the proposed hybrid precoding and the full-digital precoding,
where NRFT = 2, MT = MR = 64 and Ls = 1.
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Fig. 6. The beampatterns in the polar coordinate system for the proposed hybrid precoding and the full-digital precoding, where
NRFT = 2, MT = MR = 64 and Ls = 1.
its sidelobes, meaning that the proposed precoding strategy still owns great directionality.
Finally, we evaluate the optimality of proposed MA-FAHP algorithm by comparing it with
the exhaustive search. Fig. 7 compares the the proposed MA-FAHP algorithm and exhaustive
search for solving the DCS problem (12). For making a fair comparison, the AHP algorithm is
also used in exhaustive search for determining the hybrid precoder {W⋆(D),F⋆(D)}, which is
same as the proposed MA-FAHP algorithm. It can be observed from Fig. 7 that when MT = 4,
the proposed MA-FAHP algorithm achieves almost the same EE with the exhaustive search
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NRFT = 2 and Ls = 1.
when Pmax ≥ −2.5 dBW. Further, as the the number of antennas increases from MT = 4 to
MT = 6, the EE gap between the proposed MA-FAHP algorithm slightly increases to 0.04
with Pmax ≥ 0 dBW, indicating that the proposed MA-FAHP algorithm can still achieve the
similar EE performance with the exhaustive search. Recall that the MA-FAHP algorithm incurs
polynomial complexity, which is much less than the exponential complexity of the exhaustive
search, as demonstrated in Section V-B. Thus, it can be concluded that the MA-FAHP algorithm
can achieve the similar EE with the exhaustive search while requiring much less complexity.
VII. CONCLUSION
In this paper, we have studied massive MIMOmmWave hybrid precoding with a fully-adaptive-
connected structure. In order to maximize the EE, the joint optimization of hybrid precoding
and connection-state matrix has been formulated as a large-scale high-dimensional mixed-integer
non-convex problem with both continuous and discrete variables. To efficiently solve such a
challenging problem, an MA-FAHP algorithm has been proposed to jointly determine the digital
and analog precoders as well as the connection-state matrix. The convergence and the complexity
of proposed MA-FAHP algorithm have been theoretically evaluated. Simulation results have
demonstrated that the fully-adaptive-connected hybrid precoding using the proposed MA-FAHP
algorithm can achieve better EE than the existing full-digital and hybrid precoding strategies.
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